INTRODUCTION
============

Rubber-like electronics that can be reversibly stretched and relaxed are in high demand for a wide range of applications such as deployable structures, e-skins, wearables, medical patches, etc. In particular, rubber-like electronics at integrated levels such as active matrix electronics and interfacing and processing circuits are key components in enabling these applications to achieve their functions. While rubber-like electronic materials including conductors and semiconductors are generally needed, stretchable semiconductors with high carrier mobility are particularly crucial to realize rubber-like integrated electronics. Although there have been extensive reports on stretchable conductors ([@R1]--[@R3]), achieving a stretchable semiconductor with high carrier mobility has been a long-standing hurdle. Conventional and emerging semiconductors ranging from single-crystal inorganics to organics and to amorphous ceramics \[e.g., Si, poly(3-hexylthiophene-2,5-diyl) (P3HT), rubrene, and indium gallium zinc oxide\] are not mechanically stretchable ([@R4]--[@R7]). Existing strategies to make intrinsically nonstretchable semiconductors stretchable mainly involve circumventing the intrinsic material property limitations by creating mechanical structures or architectures in these materials, such as out-of-plane wrinkles ([@R8]--[@R10]), in-plane serpentines ([@R11], [@R12]), rigid islands with deformable interconnects ([@R13]--[@R15]), and kirigami architectures ([@R16]--[@R18]), to eliminate mechanical strain while they are stretched. While they have been successfully implemented for many applications ([@R11], [@R12], [@R15], [@R18]), these structured semiconductors usually involve complex fabrication, challenging packaging, and high cost. Recently developed intrinsically stretchable polymer semiconductors ([@R19]--[@R23]) suggest a suitable option for stretchable electronics. However, the development of these materials and integrated devices is still nascent: These materials have relatively low carrier mobility \[e.g., field effect mobility (μ~FE~) of \~1 cm^2^/V·s\], and integrated electronics have not been realized. To make integrated electronics in rubber format a truly viable technology it is necessary to have an intrinsically stretchable semiconductor that offers high carrier mobility, potential for scalable manufacturing, and uniformity in device performance.

Here, we introduce a stretchable rubbery semiconductor with a high effective mobility and report on fully rubbery transistors and integrated electronics and circuits. The stretchable rubbery semiconductor exploits π-π stacking P3HT--nanofibrils (NFs) percolated in a silicone matrix ([@R20]). We use metallic carbon nanotubes (m-CNTs) as surface dopants, which substantially enhance the effective carrier mobility by offering superior carrier transportation paths to shorten the transport distance within the channel. This similar effective mobility enhancement has been realized in other rigid semiconductors ([@R24], [@R25]). The m-CNT doping was realized by dry transfer, which preserves the crystallinity of the P3HTs-NFs. The clear merits of such a high mobility intrinsically stretchable semiconductor include the following: (i) a much higher effective mobility (μ~FE~ of \~9.76 cm^2^/V·s); (ii) fabrication based on commercially available precursors without further synthesizing steps; (iii) simple, repeatable, and scalable processes; and (iv) low cost. Transistors and their arrays are all made from rubber-like materials, including the m-CNT--doped P3HT-NFs/PDMS (polydimethylsiloxane) composite as a semiconductor and Au nanoparticles with conformally coated silver nanowires (AuNPs-AgNWs) embedded in the elastomer PDMS (AuNPs-AgNWs/PDMS) as a conductor. The arrayed transistors exhibited reasonably high uniformity in mobility. Logic gates from the integrated transistors in fully rubbery formats were developed. The transistors and logic gates retained their electrical characteristics when stretched by 50%. A fully elastic rubbery tactile sensing skin with a transistor array--based active matrix was further developed so as to illustrate the application of these high-performance rubbery integrated electronics. The electronics and integrated functional devices described here could lead to the development of highly hierarchical and complex rubbery integrated circuits and stretchable integrated functional systems.

RESULTS
=======

Rubbery transistor based on a high mobility intrinsically stretchable semiconductor
-----------------------------------------------------------------------------------

[Figure 1A](#F1){ref-type="fig"} shows an optical microscopy image of one rubbery transistor from an array with a AuNPs-AgNWs/PDMS elastomeric conductor as the source and drain electrodes, m-CNT--doped P3HT-NFs/PDMS composite as the semiconducting material, and ion gel as the gate dielectric. We prepared the AuNPs-AgNWs/PDMS elastomeric conductor by embedding AgNWs in PDMS and then by conformally coating the surface with AuNPs through a galvanic replacement process (fig. S1A). The details of the electrode material preparation appear in the Materials and Methods. This surface decoration reduces the energy barrier between the electrodes and the semiconductor and therefore ensures ohmic contact ([@R20]). Figure S1B shows the scanning electron microscopy (SEM) images of the AgNWs/PDMS before and after the AuNP coating. An ion gel was used because of its excellent mechanical stretchability, high specific capacitance, low gate voltage, simple processing, and low cost. The details of material preparation are described in Materials and Methods. A SEM image of such an ion gel is shown in fig. S2 ([@R20], [@R26]). Note that the porous nature of the polymer allows for efficient ion transportation.

![High effective mobility intrinsically stretchable semiconductor of m-CNT--doped P3HT-NFs/PDMS--based rubbery transistors.\
(**A**) An optical microscopic image of a rubbery transistor. (**B**) Schematic exploded view of the rubbery transistor structure and schematic illustration of charge carrier transport routes. (**C**) Schematic fabrication processes of doping the m-CNT by dry transfer and of constructing the rubbery transistor. (**D**) SEM images of the m-CNT--doped P3HTs-NFs/PDMS semiconducting layer. (**E**) Transfer characteristics of the devices with different concentrations of the transferred m-CNT. (**F**) μ~FE~ and *I*~ON~*/I*~OFF~ of the organic transistors with different concentrations of m-CNT.](aav5749-F1){#F1}

The schematic illustration of a fully rubbery transistor in an exploded view and the charge transport path are shown in [Fig. 1B](#F1){ref-type="fig"}. Since the m-CNT has much higher electrical conductivity ([@R27], [@R28]), the charge carrier transportation in the doped semiconductor can be enhanced. The carrier mobility enhancement mechanism is described in detail below. To retain the stretchable semiconductor's semiconducting properties, the conductive pathway of percolated m-CNTs should be avoided, since it can shorten the source and drain of the transistor. Mixing the m-CNT and P3HT in the solution phase does not lead to a high mobility semiconductor because the crystallinity of the P3HT-NFs drops sharply ([@R29]--[@R31]), in addition to the challenge in dispersing the m-CNT in the solution. A simple dry transfer method (illustrated in [Fig. 1C](#F1){ref-type="fig"}) was therefore developed to accomplish the doping and the device fabrication, which have been verified as feasible and promising. The fabrication process began with spin coating of a well-dispersed m-CNT suspension onto a glass slide. Then, a prefabricated transistor with a P3HT-NFs/PDMS--based channel and AuNPs-AgNWs/PDMS--based source and drain electrodes, which we prepared as described in the Materials and Methods ([@R20]), was laminated onto the glass slide to form conformal contact. The m-CNTs were transferred onto the surface of the P3HT-NFs/PDMS directly after peeling off the transistor. Last, laminating the free-standing ion gel film completed the device fabrication. Different concentrations of the m-CNT suspension for these high mobility intrinsically stretchable semiconductors were investigated. [Figure 1D](#F1){ref-type="fig"} shows SEM images of the semiconducting layer with the dry-transferred m-CNT with suspension concentrations of 0 (i.e., no m-CNT), 0.05, 0.1, and 0.2 weight % (wt %) that were prepared in 1,2-dichlorobenzene through 1 hour of tip sonication, followed by 5 hours of bath sonication. The area selections with the m-CNTs highlighted in yellow for calculating the areal fraction of m-CNT (*f*~area,m-CNT~) are illustrated in fig. S3 (A to C). The linear relationship between the *f*~area,m-CNT~ and the m-CNT concentration of the suspension is shown in fig. S3D. [Figure 1E](#F1){ref-type="fig"} shows the transfer characteristics of the fully rubbery transistors from semiconductors derived with different concentrations of the m-CNTs. The drain current was obtained, while the gate voltage was swept from 0 to −3 V with a constant drain voltage of −1 V. The output characteristics of the devices with different m-CNT concentrations are shown in fig. S4. The m-CNT--doped semiconducting layer showed a significant increase in its μ~FE~ compared with the pristine P3HT-NFs/PDMS composite (0% m-CNT), as illustrated in [Fig. 1F](#F1){ref-type="fig"}. We also experimentally verified that the m-CNT (0.05 wt %) does not form a percolated network. As a further comparison, the nonstretchable semiconductor of the m-CNT--doped P3HT film from spin coating and dry transfer yields an effective μ~FE~ of 2.55 cm^2^/V·s. The transistor transfer characteristics are shown in fig. S5. Figure S6, which shows a detailed comparison of the different semiconductors, suggests that the m-CNT--doped P3HT-NFs/PDMS is the best in terms of high mobility and mechanical stretchability.

The increase in μ~FE~ can be attributed to the fact that m-CNTs provide "fast lanes" for the charge carrier and thus shorten the transport distance in the channel, resulting in higher effective μ~FE~. In the m-CNT--doped P3HT-NFs/PDMS semiconductor composites, both the m-CNTs and the P3HT-NFs provide paths for the charge carriers to transport between the source and the drain. However, because of the high conductivity of the m-CNTs, the major carrier paths lie in those m-CNTs that bridge the percolated P3HT-NFs. The charge carriers take advantage of the highly conductive pathway in the m-CNT, traveling only a fraction of the distance within the channel and thus leading to reduced channel length and increased effective μ~FE~. Figure S7A shows the schematic illustration of the charge carrier transport path in the m-CNT--doped P3HT-NFs/PDMS composite. The detailed explanation and analysis of the effective μ~FE~ are presented in the Supplementary Materials. It should be noted that the effective μ~FE~ increase from the m-CNT doping is only feasible if the energy barrier at the junction of the m-CNT and P3HT-NFs is low. A high-energy barrier prevents the charge carriers from transporting effectively. A very low energy barrier of \~0.1 eV between the work function of m-CNT (4.8 eV) ([@R32]) and the highest occupied molecular orbital energy level of P3HT (\~4.9 eV) ([@R33]), as schematically shown in fig. S7B, suggests that such a doped semiconductor can yield high effective carrier mobility.

We further experimentally verified the energy barrier between the m-CNT and P3HT-NFs. Since the contact resistance between the semiconductor and the conductor is a direct reflection of the energy barrier ([@R34], [@R35]), we measured the contact resistance of the transistor's electrode and semiconductor. Specifically, we fabricated transistors based on P3HT-NFs/PDMS as the semiconductor and m-CNT as the source and drain electrodes, as shown in fig. S8A. The devices with varied channel lengths from 45 to 370 μm and a fixed channel width of 1000 μm were characterized in the linear regime (*V*~DS~ ≪ *V*~GS~ − *V*~TH~) to derive the contact resistance between the m-CNT and the P3HT-NFs through the transfer length method (TLM) ([@R36], [@R37]). The fitting plot of the width (*W*) normalized ON resistance (*R*~ON~), *R*~ON~·*W*, as a function of the channel length at *V*~GS~ of −3 V and *V*~DS~ of −0.2 V, is shown in fig. S8B. The contact resistance of 270 ohm·cm was calculated by extracting the intercept of the TLM plot ([@R36], [@R37]). The details are presented in the Supplementary Materials. In addition, the low-energy barrier between the junction of the m-CNT and the P3HT was also confirmed by the ohmic behaviors in the output characteristics of the transistors with different channel lengths ([@R38], [@R39]), as shown in fig. S8C.

While the intrinsically stretchable semiconductor with more m-CNT dopants has a higher effective μ~FE~, it should be noted that the off current also increases adversely, which offers a low on/off current ratio ([Fig. 1, E and F](#F1){ref-type="fig"}). On the basis of our experiment, the m-CNT suspension of 0.05 wt % rendered a very high average μ~FE~ (7.45 cm^2^/V·s) and an on/off ratio of 4.11 × 10^4^ with reasonable reliability, which was therefore chosen for the integrated electronics. It is noted that although this work primarily focuses on P3HT-NFs/PDMS rubbery composite, other semiconductors can possibly exhibit enhanced effective mobility by adding these metallic fast lanes.

Fully rubbery transistor array
------------------------------

An array (8 by 8) of rubbery transistors fabricated on the basis of the solution process is shown in [Fig. 2A](#F2){ref-type="fig"}. The detailed fabrication process is described in the Materials and Methods and is schematically illustrated in fig. S9. The representative output and transfer curves are exhibited in [Fig. 2](#F2){ref-type="fig"} (B and C, respectively), showing typical p-channel transistor characteristics. We note that we observed slight hysteresis (fig. S10) by scanning the gate voltage forward and backward. This hysteresis from the ion gel--gated transistor is similar to those reported elsewhere ([@R40], [@R41]), which can be further improved by reducing the thickness of semiconducting layer and scan rate ([@R42]). The transistors can be repeatedly fabricated, and the devices in the array operated normally and reliably with a high yield of 100% ([Fig. 2D](#F2){ref-type="fig"}). We calculated the μ~FE~ and *V*~TH~ of the transistors on the basis of the linear regime of these transfer curves (see the Supplementary Materials for details). The highest μ~FE~ in the array is 9.76 cm^2^/V·s, and the average μ~FE~ is 7.30 cm^2^/V·s. Note that we calculated μ~FE~ on the basis of the specific capacitance of the ion gel of 10.7 μF/cm^2^ at 1 Hz ([@R43]). The average threshold voltage (*V*~TH~) and the average on/off current ratio are −1.90 V and 1.23 × 10^4^ (fig. S11), respectively. [Figure 2E](#F2){ref-type="fig"} shows various modes of mechanical deformation of the rubbery transistor array, including stretching, poking, and crumpling. Given the rubbery nature of the materials, the transistor array is similar to a piece of rubber and sustains mechanical deformations without any physical damage.

![Rubbery transistors array.\
(**A**) An optical image of the fabricated high-performance rubbery transistors array. Inset is the exploded schematic view. (**B**) Representative output characteristics of the m-CNT--doped rubbery transistors. (**C**) Representative transfer characteristics of the m-CNT--doped rubbery transistors. (**D**) Calculated μ~FE~ map of the 8 by 8 transistor array. (**E**) Transistor arrays under different mechanical deformation modes.](aav5749-F2){#F2}

The rubbery transistor's performance under mechanical strain was investigated. We measured its electrical characteristics while applying different levels of mechanical strain both along and perpendicular to the channel length directions. Owing to the rubbery nature of the transistor and associated materials with comparable moduli, we assume the stretching-induced strain to be evenly distributed across the entire device. The optical images of the rubbery transistors under stretching along and perpendicular to the channel length direction are exhibited in [Fig. 3](#F3){ref-type="fig"} (A and B, respectively). [Figure 3](#F3){ref-type="fig"} (C and D) shows the transfer curves of the rubbery transistors under 0, 10, 30, 50, and 0% (released) mechanical strains along and perpendicular to the channel length directions, respectively. We calculated and plotted the μ~FE~ and *V*~TH~ of the rubbery transistor under different levels of mechanical strain in [Fig. 3](#F3){ref-type="fig"} (E and F, respectively). Note that μ~FE~ was calculated on the basis of the deformed channel geometries.

![Rubbery transistors under mechanical strain.\
(**A** and **B**) Sequential optical microscopic images of the rubbery transistors under mechanical strains of 0, 10, 30, and 50% along (A) and perpendicular (B) to the channel length direction. (**C** and **D**) Transfer characteristics of the rubbery transistors under mechanical strains of 0, 10, 30, 50, and 0% (released) along (C) and perpendicular (D) to the channel length direction. (**E** and **F**) μ~FE~ and *V*~TH~ of the rubbery transistors under mechanical strains of 0, 10, 30, 50, and 0% (released) along (E) and perpendicular (F) to the channel length direction.](aav5749-F3){#F3}

Once the rubbery transistor was stretched by 50% along the channel length direction, a moderate decrease in μ~FE~ from 7.46 ± 1.37 cm^2^/V∙s to 3.57 ± 1.30 cm^2^/V∙s and a slight shift in *V*~TH~ from −2.03 ± 0.15 V to −1.97 ± 0.14 V were obtained. Upon fully releasing the mechanical stretching, both μ~FE~ and *V*~TH~ recovered to 5.10 ± 1.26 cm^2^/V∙s and −1.98 ± 0.16 V, respectively ([Fig. 3E](#F3){ref-type="fig"}). Once it was stretched by up to 50% perpendicular to the channel length direction, a relatively larger decrease in μ~FE~ from 7.38 ± 1.51 cm^2^/V∙s to 2.44 ± 1.19 cm^2^/V∙s and a slight change in *V*~TH~ from −1.86 ± 0.17 V to −1.85 ± 0.18 V were observed. Similar to the case of strain along the channel length direction, μ~FE~ and *V*~TH~ also recovered to 3.83 ± 0.72 cm^2^/V∙s and −1.74 ± 0.15 V, respectively ([Fig. 3F](#F3){ref-type="fig"}). All these results suggest that high-performance rubbery transistors can maintain normal operation and relatively stable device performances while undergoing a high level of mechanical stretching.

Rubbery integrated electronics and logic circuits
-------------------------------------------------

Logic gates that offer Boolean operations are basic components of integrated electronics and circuits. Integrated electronics in a rubbery format complement conventional rigid electronics technologies and can have many applications that are not easy to achieve with traditional technologies. We developed fully rubbery logic gates, including inverters NAND and NOR, using processes similar to those described above. The rubbery inverter is structured as a zero-*V*~GS~ load inverter with two p-type stretchable transistors for a unipolar transistor logic gate. Both the driver and load transistors were integrated serially. [Figure 4A](#F4){ref-type="fig"} shows an exploded view of the rubbery inverter. [Figure 4B](#F4){ref-type="fig"} shows an optical image (left) and a circuit diagram (right) of the inverter. Specifically, the two rubbery transistors were designed with a channel width ratio of 1:4 (driver transistor/load transistor) and the same channel length. The voltage transfer curve (VTC) of the inverter was characterized by measuring the output voltage (*V*~OUT~) under *V*~DD~ of 1 V, while the input voltage (*V*~IN~) was swept from −2 to 0 V under mechanical strains of 0, 10, 30, 50, and 0% (released) along and perpendicular to the channel length direction, as shown in [Fig. 4](#F4){ref-type="fig"} (C and D, respectively). These curves show normal inverter operation with obvious logic output states 1 and 0 under logic input states 0 and 1, respectively. Although the voltage gain and switching threshold voltage (*V*~M~) changed slightly under mechanical strain, the values nearly recovered to the initial values (both along and perpendicular to the channel length directional mechanical strain, as shown in [Fig. 4E](#F4){ref-type="fig"}). The hysteresis loop of the inverter is shown in fig. S12, where only slight hysteresis was observed.

![Rubbery logic gates.\
(**A**) Exploded schematic illustration of the rubbery inverter. (**B**) An optical image (left) and a circuit diagram (right) of the rubbery inverter. (**C**) VTC of the rubbery inverter under mechanical strains of 0, 10, 30, 50, and 0% (released) along the channel length direction. (**D**) VTC of the rubbery inverter under mechanical strains of 0, 10, 30, 50, and 0% (released) perpendicular to the channel length direction. (**E**) Voltage gain and *V*~M~ of the rubbery inverter under mechanical strains of 0, 10, 30, 50, and 0% (released) along and perpendicular to the channel length direction. (**F**) Schematic exploded view of the rubbery NAND gate. (**G**) An optical image (left) and circuit diagram (right) of the rubbery NAND gate. (**H**) Schematic exploded view of the rubbery NOR gate. (**I**) An optical image (left) and circuit diagram (right) of the rubbery NOR gate. (**J** to **L**) Output characteristics of the rubbery NAND gate under *V*~DD~ of 1 V under mechanical strains of 0% (J) and 50% along (K) and perpendicular (L) to the channel length direction. (**M** to **O**) Output characteristics of the rubbery NOR gate under *V*~DD~ of 1 V under mechanical strains of 0% (M) and 50% along (N) and perpendicular (O) to the channel length direction.](aav5749-F4){#F4}

We constructed both the rubbery NAND ([Fig. 4, F and G](#F4){ref-type="fig"}) and the NOR ([Fig. 4, H and I](#F4){ref-type="fig"}) gates on the basis of two-driver (*T*~D,A~ and *T*~D,B~) and one-load (*T*~L~) rubbery transistors. The two-driver rubbery transistors were connected in parallel for NAND and serially for NOR and then connected serially to the load transistors. The channel lengths of all the driver and load transistors were the same, and the ratios of the channel width of the driver to the load rubbery transistors were 1:4 for the NAND ([Fig. 4, F and G](#F4){ref-type="fig"}) and 1:3 for the NOR gate circuits ([Fig. 4, H and I](#F4){ref-type="fig"}).

The logic function characteristics of the rubbery NAND and NOR logic gates were obtained by measuring *V*~OUT~ with a constant *V*~DD~ of 1 V under a mechanical strain of 0 and 50% along and perpendicular to the channel length direction. The input voltages (*V*~IN~) of −2 or 0 V for both *V*~IN,A~ and *V*~IN,B~ represent logic states 0 and 1, respectively. The measured *V*~OUT~ of the rubbery NAND gate under no strain is shown in [Fig. 4J](#F4){ref-type="fig"}, which shows logic state 0 only when both inputs are logic state 1. Upon stretching by 50% both along and perpendicular to the channel length direction, the rubbery NAND gate operated normally with no substantial change, as shown in [Fig. 4](#F4){ref-type="fig"} (K and L). Similar results in [Fig. 4](#F4){ref-type="fig"} (M to O) show normal operation under no strain and a strain of 50% along both directions for the rubbery NOR gate, which shows logic state 1 only when both inputs are logic state 0. The truth tables for both the rubbery NAND and NOR gates are summarized in fig. S13. Figure S14 shows the static VTC results for both the NAND and NOR logic gates. These results indicate that the fully rubbery logic gates can be stretched without disturbing the Boolean operations.

Rubbery tactile sensing skin with active matrix electronics
-----------------------------------------------------------

We further demonstrated the use of our high-performance rubbery transistor for a stretchable sensing system to illustrate its further application capabilities. Specifically, a fully rubbery tactile sensing skin with an 8 by 8 active matrix readout was developed. [Figure 5A](#F5){ref-type="fig"} shows the schematic exploded view of the active matrix tactile sensing skin with its key components of rubbery transistors and a pressure-sensitive rubber sheet. The detailed cross-sectional configurations of the rubbery transistor and the pressure-sensitive rubber sheet are schematically shown in fig. S15A. The detailed fabrication process is described in the Materials and Methods and is schematically illustrated in fig. S16. Figure S15 (B and C) shows optical images of the interconnected conductive rubber paste and AuNPs-AgNWs/PDMS. [Figure 5](#F5){ref-type="fig"} (B and C) shows representative mechanical deformation of the active matrix rubbery tactile sensing skin including bending and stretching, respectively. The circuit diagram of an individual tactile sensing pixel is shown in [Fig. 5D](#F5){ref-type="fig"}. The gate electrodes of each column were connected to a word line (*V*~WL~), and the source electrodes of each row were connected to a bit line (*V*~BL~). The drain electrodes of each rubbery transistor were supplied with *V*~DD~. The measured drain current (*I*~DS~) versus the gate voltage (*V*~GS~) with and without pressing are shown in [Fig. 5E](#F5){ref-type="fig"}.

![Fully rubbery tactile sensing skin with an 8 by 8 active matrix.\
(**A**) Schematic exploded view of the fully rubbery tactile sensing skin. (**B** and **C**) The optical images of the deformed fully rubbery tactile sensing skin under bending (B) and stretching (C). (**D**) The circuit diagram of one tactile sensing pixel. (**E**) Transfer characteristics of the rubbery transistor in the active matrix with and without applying pressure. (**F** and **G**) Optical image of the fully rubbery skin in contact with the custom made rubber block. (**H** and **I**) Output voltage mapping result before (H) and after (I) stretching along the channel length direction. (**J** and **K**) Output voltage mapping result before (J) and after (K) stretching perpendicular to the channel length direction.](aav5749-F5){#F5}

The resistance of the pressure-sensitive rubber sharply decreased from several hundred megohms to several ohms once the applied pressure exceeded the threshold (\~100 kPa; fig. S17), as shown in fig. S18 (A and B). As the skin was pressed, the measured current increased. No cross-talk between the adjacent sensing pixels was observed, where the verification experiment was performed (see the Supplementary Materials for details) and illustrated in fig. S18 (C and D). A quantitative map to exhibit the contact sites was obtained with a data acquisition system (DAQ; National Instruments). The circuit diagram of a fully rubbery tactile sensing skin with an 8 by 8 active matrix is shown in fig. S19. The detailed electrical interfaces with an external DAQ (National Instruments) are described in the Supplementary Materials. We note that during the readout, *V*~DD~ of −1 V and *V*~GS~ of −3 V as a word line were supplied. [Figure 5](#F5){ref-type="fig"} (F and G) shows two examples of touching with pressure applied through objects as indicated in the red dashed areas. The circuit diagram for output voltage measurement and the dynamic output voltage change during cyclic pressing and releasing of a single cell are shown in fig. S20 (A and B, respectively). [Figure 5](#F5){ref-type="fig"} (H and J) shows the map of the output voltage obtained from each pixel, indicating that the pressed pixels had high voltage. The active matrix was further stretched by 30% and released along and perpendicular to channel length direction. The measured output voltages ([Fig. 5, I and K](#F5){ref-type="fig"}) show no substantial change when the skin is stretched along both directions. The tactile mapping capabilities remained reliable even after more than 100 cycles of stretching and releasing.

DISCUSSION
==========

Fully rubbery electronics from a high effective mobility intrinsically stretchable semiconductor are realized. The strategy of using m-CNT doping to substantially enhance the effective mobility of the intrinsically stretchable semiconductor proves to be feasible. Our rubbery semiconductor of m-CNT--doped P3HT-NFs/PDMS compared with previously reported intrinsically stretchable polymer semiconductors has clear merits, including much higher μ~FE~, fabrication from commercially available materials, and scalability and repeatability in material and device manufacturing. The demonstrated integrated electronics, logic gates, and sensory skins from these high effective mobility rubbery semiconductors suggest that integrated electronics in a fully rubbery format, in contrast to traditional rigid and brittle counterparts, can be developed. The demonstrated high effective mobility rubbery semiconductors and fully rubbery integrated electronics pave the way toward fully rubbery stretchable functional systems with rubber-like or skin-like mechanical properties in the broad areas of bioelectronics, wearable systems, and large-scale integrated circuits.

MATERIALS AND METHODS
=====================

Materials
---------

Anhydrous 1,2-dichlorobenzene (\>99%), acetone (\>99.9%), regioregular P3HT, multiwalled CNTs (material category, 724769; outer diameter, 6 to 9 nm; length, 5 μm; purity, \>95%; conducting type, metallic), poly(vinylidene fluoride-*co*-hexafluoropropylene) (PVDF-HFP; molecular weight, \~400,000), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide (EMI-TFSA; \>98%), gold chloride trihydrate (HAuCl~4~·3H~2~O; \>99.9%), and anhydrous ammonia (NH~4~OH; 28%) were all from Sigma-Aldrich and used as received. AgNW (\~99.5%) solution (average diameter, 120 nm; length, 20 μm) was from ACS Material. Pressure-sensitive rubber sheets (ZL45.1) and conductive rubber pastes (FL45) were from Zoflex. PDMS rubber (Sylgard 184 silicone elastomer kit) was from Dow Corning*.*

Preparation of P3HT-NFs/PDMS composite
--------------------------------------

P3HT was dissolved in the dichloromethane (2 mg/ml) at 60°C and then cooled down to −20°C and the solution was kept for 30 min to form P3HT-NFs. The P3HT-NFs solution was blended with a diluted PDMS \[10:1 (w/w) prepolymer/curing agent\] solution in dichloromethane to obtain the P3HT-NFs/PDMS at the weight ratio of 2:8. A thin film rubber-like P3HT-NFs/PDMS--percolated nanocomposite semiconductor was accomplished by spin casting and curing at 90°C for 30 min.

Preparation of stretchable AuNPs-AgNWs/PDMS electrode
-----------------------------------------------------

To prepare the AuNPs-AgNWs/PDMS composite electrode, the AgNWs were patterned through drop casting the AgNW solution (concentration, 15 mg/ml) onto a clean glass slide with a shadow mask that was manufactured by a programmable cutting machine (Silhouette Cameo) and dried for 10 min at 60°C. Thereafter, the patterned AgNWs on glass were heated at 200°C for 30 min to enhance their electrical conductivity. PDMS solution \[10:1 (w/w) prepolymer/curing agent\] was then spin-coated onto the patterned AgNWs at 300 rpm for 60 s, followed by a curing process for 4 hours at 60°C for solidification. Relatively high viscosity of the PDMS solution led to only partial permeation through the porous structured AgNWs, resulting in AgNWs partially embedded within the solidified PDMS. The solidified PDMS with AgNWs was then peeled off from the glass slide to achieve stretchable electrodes of AgNWs/PDMS. AuNP coating on the exposed AgNWs involved immersing AgNWs/PDMS composite electrode in 0.5 mM HAuCl~4~·3H~2~O aqueous solution for 2 min to allow for the Ag-Au galvanic replacement process to take place. The coated electrodes were rinsed with deionized (DI) water and dipped in NH~4~OH solution (28%) for 1 min to dissolve the by-products of AgCl layer that were formed on the NWs. The fabrication of the AuNPs-AgNWs/PDMS stretchable electrode was completed by rinsing in DI water, drying with a N~2~ gun, and dehydrating through heating at 90°C for 2 min.

Preparation of ion gel dielectric
---------------------------------

The preparation of the ion gel dielectric began with mixing PVDF-HFP, EMI-TFSA, and acetone in a weight ratio of 1:4:7 at 70°C for 1 hour. The prepared solution was casted on a clean glass substrate and cured in vacuum oven at 70°C for 12 hours to solidify. The solidified ion gel can be easily cut into various shapes and handled. The thickness of the ion gel was approximately 150 μm.

Fabrication of rubbery transistors, transistors array, inverter, NAND, and NOR gates
------------------------------------------------------------------------------------

The fabrication steps of the rubbery transistor involved first creating the AuNPs-AgNWs/PDMS stretchable conductor--based source and drain electrodes, then fabricating the high mobility intrinsically stretchable semiconductor, and lastly laminating the ion gel dielectric. The patterning of the semiconductor was achieved by spin casting through a Kapton film--based shadow mask, followed by annealing for 30 min at 90°C. Specifically, the m-CNT was dispersed in 1,2-dichlorobenzene by ultrasonicating the solution for 1 hour with consecutive tip sonication, followed by 5 hours of bath sonication. The m-CNT suspension was spin-coated on a glass slide at 3000 rpm for 60 s and dried at 90°C for 10 min. Thereafter, the P3HT-NFs/PDMS--coated AuNPs-AgNWs/PDMS electrodes were made to laminate and contact with the m-CNT--coated glass, followed by peeling off from the glass to allow for the successful dry transfer of m-CNT onto the semiconductor active layer.

Fabrication of transistor-based active matrix for sensory skin
--------------------------------------------------------------

The rubbery active matrix transistor fabrication followed the same steps as described above. Via holes were created to allow the interconnection between the rubbery transistor pixel and the pressure-sensitive rubber sheet placed on the backside of the active matrix. The via holes were filled by conductive rubber paste, which solidified at room temperature for 12 hours. It is noted that the conductive rubber paste and pressure-sensitive rubber strongly adhered to each other, and no delamination was found when they were stretched by 50%. A thin layer of PDMS \[10:1 (w/w) prepolymer/curing agent\] was spin-coated onto the active matrix as a top encapsulation layer. The rubbery sensory skin was accomplished by laminating a patterned AgNWs/PDMS electrode array to be connected with *V*~DD~.

Electrical characterization
---------------------------

The surface morphology of the m-CNT--doped P3HT-NFs/PDMS composite, AuNPs-AgNWs/PDMS composite, and ion gel was examined with SEM (XL-30S FEG, Philips). Electrical characterization of the devices was performed with a probe station (H100, Signatone) equipped with a semiconductor characterization system (4200-SCS, Keithley Instruments Inc.). A power supply (GPS-3303, GW Instek) was used to apply external voltage for the inverter, NAND, and NOR characterization. The active matrix tactile sensing skin was characterized via DAQ (NI PXIe-1073 with NI PXIE-6273 and NI PXI-6363; National Instruments). The voltage mapping of touching on the rubbery skin was obtained when applying pressure from a finger onto a piece of a custom-made rubber block.
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